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Although the primitive vasculature is identical in XX and XY genital ridges until 11.5 days postcoitum (dpc), by 12.5 dpc
the XY gonad develops a distinct vasculature. This male-specific vasculature, which includes the development of a large
coelomic vessel, develops coincident with expression of Sry and formation of testis cords. We show that similar levels of
proliferation and vasculogenesis expand the primary vasculature in XX and XY gonads. However, soon after Sry expression
begins, the XY gonad recruits a large number of endothelial cells from the adjacent mesonephros, a mechanism totally
absent in XX gonads. These migrating cells do not contribute to venous or lymphatic development. Instead, these cells
contribute to the arterial system, as indicated by expression of ephrinB2 and by elements of the Notch signaling pathway.
This newly formed arterial system establishes a new pattern of blood flow in the XY gonad, which we speculate may have
an important role in export of testosterone to masculinize the XY embryo. © 2002 Elsevier Science (USA)
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In both sexes, the gonad forms as an outgrowth of the
genital ridge at approximately 10.5 days postcoitum (dpc).
The gonad is a bipotential primordium which can develop
into a testis or ovary depending on whether or not the
Y-linked male sex-determining gene, Sry, is expressed. The
XX gonad does not undergo any dramatic organizational
changes until follicle formation begins near birth. In con-
trast, in embryos with a Y chromosome, development
diverges when Sry activates downstream, male-specific
pathways. Activation of these pathways, which include
proliferation, cell migration, and testis cord formation,
results in a characteristic XY morphology within 48 h (12.5
dpc). Soon thereafter, steroid-producing cells differentiate
and produce androgens that are exported through the vas-
culature to masculinize the embryo.
Formation of the primitive vasculature in the genital
ridge is similar in XY and XX gonads until 11.5 dpc.
Divergence of vascular development in the gonad is one of
the earliest effects of Sry expression and occurs simulta-
neously with the organization of gonadal cells into testis
cords. Between 11.5 and 12.5 dpc, the appearance of a large
vessel on the coelomic surface of the XY gonad, which we
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418refer to as the coelomic vessel, serves as an early morpho-
logical landmark of testis development. Although noted in
the literature (Byskov, 1986; Nagamine and Carlisle, 1996;
Pelliniemi, 1975), the differences in vascular development
between XY and XX gonads have not featured prominently
in past descriptions of early testis morphology, and careful
studies of these differences and their importance in gonadal
development have not been reported.
The early specification of XY vascular development sug-
gests that construction of a specific vasculature plays an
important role in the developmental patterning as well as
the physiological function of the organ. While it is clear
that the vasculature of different organs must develop spe-
cialized characteristics that are tightly linked to structure
and function, little is known about the role of the vascula-
ture in the morphogenesis of organs or how signaling is
integrated to control its specialization. Few models exist to
study the relationship between the vascular and architec-
tural patterning of organs. The common origin of the testis
and ovary from a bipotential primordium provides a unique
system to study and compare the mechanisms by which a
primordial vascular circuit is modified to serve a specific
organ function.
Recently, recruitment of vascular cells from the adjacent
mesonephros has been characterized as an early step in the
testis pathway (Buehr et al., 1993; Martineau et al., 1997;
Merchant-Larios et al., 1993). Recruitment of cells from the
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mesonephros is dependent on Sry (Capel et al., 1999),
critical for the formation of testis cords (Buehr et al., 1993;
Tilmann and Capel, 1999), and completely absent in XX
gonads. At least three cell types migrate into the XY gonad
from the mesonephros. Martineau et al. (1997) identified
these as peritubular myoid, perivascular, and endothelial
cells (Fig. 1B). These findings raised several important
questions: (i) In the complete absence of cell migration into
the XX gonad, is development of the vasculature static, or if
not, is a different mechanism of vascular growth employed
by XX gonads? (ii) How do the migrating cells contribute to
the development and function of the XY gonad? (iii) Why is
vascular development one of the earliest pathways specified
by Sry when testis development is initiated?
Here, we investigate the divergence of XY vascular devel-
opment and its role in the structural and physiological
development of the testis. Comparisons of vascular devel-
opment between the XY and the XX gonad reveal that
similar mechanisms work to establish the primary vascular
network in both sexes. Expression of Sry recruits a male-
specific arterial system in the XY gonad, which involves
activation of both the Ephrin and Notch signaling path-
ways. This newly formed arterial system establishes a new
pattern of blood flow in the XY gonad, which we speculate
may have an important role in export of testosterone to
masculinize the XY embryo.
MATERIALS AND METHODS
Mice and Organ Cultures
Embryos used for in situ hybridization and lectin injection were
obtained from matings of CD1 random bred mice (Jackson Labs).
Other mouse strains used are listed in Table 1. For timed matings,
noon on the day of the plug was counted as 0.5 dpc. Sex of gonads
before 12.5 dpc was determined by isolation of amnionic cells for
FIG. 1. Morphological development of the gonad. (A) At 11.5 dpc,
the XY and XX gonads are visually identical. Sry expression
initiates a morphological divergence in the XY gonad, which
includes the development of a large blood vessel under the coelo-
mic surface (arrow). (B) Diagram of the cell types of the 12.5-dpc XY
gonad. The coelomic vessel (CV) and interstitial vasculature are
shown in red. Peritubular myoid cells (PM, blue) surround devel-
oping testis cords and cooperate with the Sertoli cell (S, white) in
the deposition of the basement membrane components of testis
cords. Peritubular myoid cells and Sertoli cells surround germ cells
(not shown) within testis cords. Steroid-producing Leydig cells (L,
green) are present in the interstitium.
FIG. 2. The XY gonad induces migration of endothelial cells from
the adjacent mesonephros. Composite organ cultures were as-
sembled at 11.5 dpc by using mesonephroi (M) from a Flt-1/lacZ
mouse and gonads (G) from a CD1 mouse. After 2 days in culture,
migrating X-gal-positive endothelial cells are seen only in the XY
gonad and not the XX gonad combinations.
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staining of Barr bodies as previously described (Palmer and Bur-
goyne, 1991). For organ culture experiments, mesonephroi were
collected from Flt1/LacZ, Tie-2::lacZ, or TGN(GFPU)5Nagy em-
bryos and combined with gonads from CD1 embryos. At 11.5 dpc,
mesonephroi and gonads were assembled in agar blocks and cul-
tured for 40 h as previously described (Martineau et al., 1997). To
stain for -galactosidase (-gal), organ cultures were taken out of
blocks, washed in PBS, and fixed in 2% paraformaldehyde for 20
FIG. 3. Divergent vascular development in XY vs. XX gonads. Confocal images of Tie-2::LacZ gonads stained with an antibody against
-gal. At 11.5 dpc, the endothelium of XY (A) and XX (B) gonads looks similar. By 12.5 dpc, the XY vasculature has been remodeled to form
a large vessel under the coelomic surface (C, E, arrows). Interstitial vessels extend around and are excluded from developing testis cords
(TC). At 12.5 dpc, there are no dramatic changes in the XX vasculature (D, F).
FIG. 4. The primordial vasculature in both XX and XY gonads expands by proliferation. Dividing endothelial cells (arrows) in Tie-2::lacZ
gonads were detected with an antibody against BrdU (red) and -gal (green), demonstrating that both XX (A) and XY (B) gonads exhibit
similar levels of endothelial proliferation between 11.5 and 12.5 dpc. Double-stain of Tie-2::lacZ gonads at 11.5 dpc with -gal antibody
(endothelial cells, green) and DAPI (nuclei, red) reveals stretches of endothelium containing many cell nuclei (C), which is indicative of
proliferative growth rather than cell stretching.
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min. Samples were then rinsed in wash solution (2 mM MgCl2,
0.2% Nonidet P-40 in PBS) and incubated overnight at 37°C in
-gal stain (1 mg/mL X-gal, 200 mM K3Fe(CN)6, 200 mM
K4Fe(CN)6). Samples were postfixed in 4% paraformaldehyde. GFP
cultures were imaged live at various time points by using a Leica
MZFLIII dissecting scope fitted with a GFP filter.
Lectin Injections and Immunohistochemistry
Embryos between 11.0 and 13.5 dpc were removed from the
uterus and the beating hearts were injected with fluorescein-
labeled Griffonia (Bandeiraea) Simplicifolia Lectin I (Vector Labo-
ratories). Following a short incubation at room temperature, the
gonads were dissected and fixed in 4% paraformaldehyde overnight
at 4°C. Samples were then washed in PBS and blocked in a solution
of 5% BSA, 1% heat-inactivated goat serum, 0.1% Triton X-100 in
PBS for 2-3 h at room temperature before staining with antibodies.
For immunohistochemistry, antibodies against PECAM (Pharmin-
gen; 1:500 dilution) or -gal (Cappel, 1:2000) were added to blocking
solution, and samples were rocked at 4°C overnight. After incuba-
tion with primary antibody, samples were rinsed four times for 1 h
in PBT (PBS  0.1% Triton X-100) and then incubated overnight at
4°C in PBT with Cy3-or Cy5-conjugated secondary antibodies
(1:500; Jackson Laboratories). Samples were then washed four times
for 1 h in PBT and mounted in DABCO for subsequent confocal
microscopy with a Zeiss LSM 410 laser scanning confocal micro-
scope. BrdU labeling and detection were carried out as previously
described (Schmahl et al., 2000).
In Situ Hybridization
Whole-mount in situ hybridization was performed as previously
described (Wilkinson and Nieto, 1993). Notch and Jagged probes
were obtained from Tom Gridley (Jackson Labs); Hes probes were
provided by Tom Vogt (Princeton); SLC probe was provided by
Michael Gunn (Duke University); dll-4 probe was synthesized from
a mouse dll-4 EST purchased from Incyte Genomics (Clone ID#
832357). Sections of whole-mount in situ samples were obtained by
washing fully developed samples in PBT (PBS  0.1% Triton
X-100), fixing them in 4% paraformaldehyde, then equilibrating
samples through a sucrose gradient. Samples were then embedded
in 3:1 OCT/20% sucrose, and 10-m sections were obtained.
RESULTS/DISCUSSION
Mechanisms of Vascular Development Diverge in
XY and XX Gonads Following Sry Expression
Figure 1A illustrates the early morphological changes
that occur in the mouse gonad between 11.5 and 12.5 dpc.
Until 11.5 dpc, XY and XX gonads are visually indistin-
guishable. Expression of the male sex-determining gene,
Sry, results in several obvious changes in the XY gonad by
12.5 dpc, including an increase in size, the organization of
testis cords, and the appearance of a prominent blood vessel
visible just beneath the coelomic epithelium (Fig. 1A,
arrow). The cellular organization and cell types present in
the XY gonad by 12.5 dpc are diagrammed in Fig. 1B. In
contrast, the XX gonad has no similar morphological or
vascular features.
Previous experiments demonstrated that, from the early
stages of mouse gonad development, cells are recruited
from the mesonephros into the XY but not the XX gonad.
Many of these cells were identified as endothelial (Martin-
eau et al., 1997). To specifically label only migrating endo-
thelial cells, we used a Flt-1/lacZ or a Tie-2::lacZ donor
mesonephros in recombinant organ cultures with wild-type
CD-1 XY and XX gonads (Fig. 2). In these mice, the -gal
gene is inserted into the locus of the endothelial-specific
tyrosine kinase receptor (Flt-1) (Fong et al., 1995), or is
expressed as a transgene under the control of the promoter
of another endothelial-specific receptor, Tie-2 (Schlaeger et
al., 1997). These experiments consistently showed that,
between 11.5 and 14.5 dpc, a large proportion of the vascu-
lature, including the male-specific coelomic vessel in the
XY gonad, formed from cells that migrated from the meso-
nephros. Endothelial cells did not migrate into the XX
gonad during this culture period. Because the XY gonad
increases in size faster than the XX gonad, a possible
explanation for XY endothelial recruitment could be related
to increased, hypoxic conditions in the XY tissue. To rule
out this possibility, we assembled XX cultures as late as
16.5 dpc, when the XX gonad has reached a size larger than
that of an XY gonad at 12.5 dpc. Even at these late stages,
the XX gonad does not recruit additional endothelial cells




Flt1lacZ G. Fong (Samuel Lulenfeld Research Institute, Mt. Sinai Hospital) Fong et al.
Tie-2::LacZ T. Sato (Harvard University) Schlaeger et al.
VEGF-LacZ-KI Andras Nagy (Samuel Lunenfeld Research Institute) Miquerol et al.
Flk1tm1Jrt Jackson Labs (#002938) Shalaby et al.
ephrinB2tlacZ; EphB4tlacZ D. Anderson (California Institute of Technology) Wang et al.; Gerety et al.
Prox1lacZ G. Oliver (St. Jude’s Research Hospital) Wigle et al.
Stock TgN (GFPU)5Nagy Jackson Labs (#003115) Hadjantonakis et al.
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Based on these results, we anticipated little or no growth
of the XX vasculature in the absence of additional cells from
the mesonephros. However, a comparison of whole-mount
-gal antibody staining in Flt-1/lacZ or Tie-2::lacZ gonads
revealed a similar increase in both the XX and XY vascula-
ture between 11.5 and 12.5 dpc (compare Figs. 3A and 3B
with 3C and 3D). Although the XX vasculature increased
during this period, the structural topography remained
more homogeneous relative to the XY gonad. Differences in
the structure of the XY vasculature could easily be seen by
12.5 dpc when the coelomic vessel is apparent and a
network of finer, branched vessels extend throughout the
gonad (Figs. 3E and 3F). In both XX and XY gonads, a rich
vascular bed exists at the mesonephros/gonad border,
which includes a large caliber vessel extending along the
A/P axis. In the XY gonad, this vessel is clearly linked to the
coelomic vessel by 13.5 dpc.
Similar Levels of Vasculogenesis and Endothelial
Proliferation Establish the Primary Vasculature in
XX and XY Gonads
The finding that vascular growth did occur in the XX
gonad during this period, despite the absence of recruitment
of cells through mesonephric cell migration, implied a
different mechanism of vascular growth in the XX gonad.
We tested several alternative mechanisms that could ac-
count for vascular expansion in the XX gonad, anticipating
that we would see a compensatory increase in the XX as
compared with the XY gonad.
One possibility was that vascular expansion in the ab-
sence of migration could occur in the XX gonad through the
assembly of new vessels from large numbers of vasculo-
genic precursors already present in the gonad. If this repre-
sented an XX-specific compensatory mechanism, an el-
evated number of vasculogenic precursors would be
anticipated in the XX vs. the XY gonad. To investigate this
possibility, we obtained a mouse in which the earliest
known vascular precursors (angioblasts) are labeled by the
expression of lacZ from the Flk-1 locus (Flk-1/lacZ) (Shalaby
et al., 1995). In gonads from Flk-1/lacZ mice, we identified
vasculogenic precursor cells by double-labeling gonads with
antibodies against -gal and PECAM (platelet endothelial
cell adhesion molecule). PECAM labels endothelial cells
and germ cells. Vasculogenic precursors should express
Flk-1 (-gal), but since they have not yet joined the
vasculature, they would be PECAM-negative (PECAM).
We found that both XX and XY gonads contain small
populations of -gal/PECAM cells at 11.5-12.5 dpc (data
not shown), but the majority of Flk-1 cells are part of the
extant vasculature, similar to the staining pattern seen for
Flt-1 or Tie-2. Thus, these cells probably contribute at low
levels to XX as well as XY vascular expansion and do not
provide a different mechanism for XX vascular growth.
Another possibility was that endothelial cell proliferation
was elevated in XX gonads. To investigate this possibility,
we injected pregnant females with BrdU to label dividing
cells in Tie-2::lacZ embryos. Double labeling with antibod-
ies against -gal and BrdU detected dividing endothelial
cells (-gal/BrdU). Consistent with the vascular expan-
sion we see in whole-mount X-gal stains, we found that XX
endothelial cells are dividing rapidly between 11.5 and 12.5
dpc (Fig. 4A). In agreement with this observation, double
labeling of XX Tie2::lacZ gonads with antibodies against
-gal and the nuclear stain, DAPI revealed strings of nuclei
associated with extending vessels in the XX gonad, indicat-
ing that single endothelial cells are not stretching as occurs
in Drosophila tracheal development (Manning and Kras-
now, 1993), but instead, are rapidly proliferating (Fig. 4C).
Thus, proliferation probably accounts for the growth of the
vasculature that occurs in the XX gonad from 11.5 to 12.5
dpc in the absence of contribution from the mesonephros.
However, proliferation does not represent an XX-specific
mechanism because cell counts revealed that the endothe-
lial cells in the XY gonad are proliferating at a similar rate
to the XX endothelial population (Fig. 4B).
These experiments provided evidence that growth of the
primary vasculature was similar between XX and XY go-
nads. Consistent with these results, the expression pattern
of the endothelial-specific growth factor Vegf, by both in
situ hybridization and examination of gonads from mice
with a lacZ-tagged Vegf allele (Miquerol et al., 1999),
revealed that Vegf was expressed at similar levels through-
out the interstitium of both XY and XX gonads (data not
shown), indicating that VEGF is not responsible for the
sex-specific differences in the vascular development of
gonads. Instead, VEGF is probably involved in the similar
primary vascular growth occurring in both sexes.
These findings led to the idea that the recruitment of
vascular cells from the mesonephros initiated by Sry is not
a mechanism of primary vascular development in the
gonad. Instead, the migration of endothelial and perivascu-
lar cells that occurs between 11.5 and 12.5 dpc in the XY
gonad (Martineau et al., 1997) could be important to super-
impose additional complexity on the XY vasculature. For
example, strengthening the vasculature to support an ear-
lier acquisition of blood flow in the XY compared with the
XX gonad might be important because of the rapid size
increase in the XY gonad or for the early export of testos-
terone from the testis (Jost, 1947; Renfree et al., 1995).
XY Gonads Establish a New Pattern of Blood Flow
between 11.5-12.5 dpc
To directly assess whether blood flow differences exist
between early XY and XX gonads, we injected fluorescently
labeled lectin, which binds to carbohydrates on the surface
of endothelial cells, into the circulation of embryos at
various stages between 11.0 and 14.5 dpc. Embryos were
removed from the uterus and their beating hearts were
injected with a fluorescent lectin. After 5-10 min, gonads
were dissected to compare vessels labeled with PECAM
(red), that were colabeled with circulating lectin (green) in
XY vs. XX samples. We found that circulation begins in the
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gonad soon after it forms on the surface of the mesonephros
between 11.0 and 11.5 dpc. Prior to 12.0 dpc, lectin injections
revealed that blood flows similarly in both XY and XX gonads
from the mesonephric vessels through the vascular bed at the
mesonephros/gonad boundary and into the gonad. There ap-
pears to be no difference between XY and XX gonads in the
timing of blood flow acquisition at this early stage (Fig. 5A).
However, injection of fluorescent lectin at 12.0 dpc and
thereafter revealed that blood flow was dramatically rerouted
through the coelomic vessel in the XY gonad (Fig. 5A, arrow).
To confirm this observation, we injected GFP-expressing
adenovirus at 11.5 dpc by the same method of heart injection,
followed by dissection of the gonad and a 48-h culture in vitro.
This experimental method resulted in preferential infection of
the cells of the XY coelomic vessel and its tributaries. When
XX embryos were injected with adenovirus, many fewer
infected cells were found, mainly localized near the gonad/
mesonephros border (Fig. 5B). The staining and infection
patterns observed in XX gonads suggest that blood flow is at
lower levels and is characterized by a pattern of flow that
moves up through the mesonephros/gonad boundary. These
experiments provided evidence that a new circuit of blood
flow is established in the XY gonad after 12.0 dpc where
blood flow is shunted from the mesonephric vessels through
FIG. 5. Migrating cells contribute to the formation of the coelomic vessel as blood flow is rerouted in the XY gonad between 11.5 and 12.5
dpc. (A) Fluorescently labeled lectin, injected into the hearts of embryos dissected at 11.5 or 12.5 dpc, demonstrates that circulation is
present in both XY and XX gonads by 11.5 dpc, as assayed by the presence of lectin staining. The pan-endothelial marker PECAM (red) used
to label endothelial cells also labels germ cells (arrowhead). Heavy staining of the coelomic vessel is seen at 12.5 dpc in the XY gonad, when
blood flow is diverted through this vascular circuit (arrow). (B) Infection patterns of gonads following heart injections of GFP-expressing
adenovirus. In XY gonads, cells of the coelomic vessel and its branches are highly infected (A, arrow). In XX gonads, cells at the
gonad/mesonephros are infected with virus (B, arrow). (C) Mesonephroi from mice ubiquitously expressing GFP were combined with CD1
gonads and cultured for 2 days. After 27 hs in culture, live cultures were imaged by using a fluorescent stereoscope. A significant number
of cells have migrated from all points along the mesonephros/gonad border and contributed significantly to the construction of the coelomic
vessel, which is formed by 42 h in culture (arrow).
FIG. 6. Lymphatic development in XY and XX gonads begins just before birth. RNA in situ hybridization for SLC, an early marker of
lymphatic cells, and X-gal staining of Prox1/lacZ mice, were used to examine lymphatic development in the gonad at stages between 13.5
and 18.5 dpc. Developing lymphatics are seen at the mesonephros/gonad border at 13.5 dpc (arrows), but do not actually enter the gonad
until 17.5 dpc (arrowheads).
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the coelomic vessel to enter the XY gonad along the outer
surface.
To achieve a more dynamic understanding of how
migrating cells contribute to the construction and elabo-
ration of the XY vasculature in real time, we assembled
composite organ cultures between a GFP-expressing do-
nor mesonephros [TGN(GFPU)5Nagy; Jackson Labs] and
a wild-type CD1 gonad. Using GFP as a live marker, these
cultures were examined at 20- and 30-h time points in
culture. When migration begins, cells progressively enter
the gonad from all points along the mesonephric border.
The coelomic vessel rapidly assembles between 11.5 and
12.0 dpc from cells extending from both anterior and
posterior ends of the gonad (arrows) as well as cells
migrating through the interstitium in the midregion of
the gonad (Fig. 5C). However, migrating cells are not
restricted to this vessel and appear to be distributed
throughout the gonadal vasculature, concentrated more
on the surface than the interior of the gonad. Diversion of
vascular flow in the XY gonad is coincident with the
assembly of the coelomic vessel.
Arterial Specification Is an Early Event in Testis
Development
Once it was evident that migrating cells might be in-
volved in the development of a new subset of the vascula-
ture in the XY gonad, we investigated the expression
patterns of markers for the lymphatic and arterial/venous
vascular subsets.
An elaborate lymphatic network has been well described
in the adult testis (Fawcett et al., 1973), but the course of
lymphatic development in the embryonic gonad has not
been documented. The early specification of lymphatic
FIG. 7. Expression of arterial/venous markers in XY and XX gonads. Gonads from EphB4/tauLacZ (A–F) or ephrinB2/tauLacZ (G, H) mice were
double-labeled with an antibody against -gal (green, EB4 or eB2) and PECAM (red). (A–C) In the 12.0.dpc XY gonad, expression of the
venous marker EphB4 is excluded from endothelial cells (red) that are beginning to form the coelomic vessel (arrow, B, C). By 12.5 dpc,
EphB4 expression is almost entirely excluded from the XY gonad (D), but is retained in the vessels of the XX gonad (E). Clear differentiation
of arteries and veins occurs in the mesonephros of both XX (F) and XY (not shown) gonads between 13.5 and 14.5 dpc. At 12.5 dpc, the
arterial marker Ephrin B2 (green) labels most vascular cells in both XY (G) and XX (H) gonads and is highly expressed in the coelomic vessel
(G, arrow). Expression is also seen in the mesonephric tubules. (I) EphrinB2-expressing cells (blue), from an ephrinB2/taulacZ mesonephros,
migrate into the XY gonad in recombinant organ culture experiments and contribute to the formation of the coelomic vessel (arrow).
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channels in the XY gonad might be consistent with the
requirement for early testosterone collection and export. To
test this possibility, we characterized the expression of two
early lymphatic-specific markers, Prox1 (Wigle and Oliver,
1999) and SLC (secondary lymphocyte cytokine) (Gunn et
al., 1998) (M. D. Gunn, unpublished observations). Exami-
nation of -gal staining in Prox1/lacZ embryonic gonads, or
in situ hybridization with a probe for a second lymphatic
marker, SLC, produced the same result. Although lym-
phatic precursors are present at the mesonephros/gonad
border by 13.5 dpc (Fig. 6, arrows), they remain there until
after 17.5 dpc, indicating that establishment of the lym-
phatic system does not account for early endothelial migra-
tion into the XY gonad.
To investigate the development of arteries and veins in
the gonad, we obtained ephrinB2/tlacZ (Wang et al., 1998)
and EphB4/tlacZ (Gerety et al., 1999) recombinant mouse
lines. In the endothelium, ephrinB2 is expressed specifically
in developing arteries. It can bind several EphB class recep-
tors; however, genetic evidence suggests that EphB4 is its
specific venous receptor (Gerety et al., 1999). Using an
antibody against -gal, expression of both ephrinB2 and
EphB4 was detected throughout the XX gonadal endothe-
lium between 11.5 and 14.5 dpc (Figs. 7E and 7H). In
contrast, the XY gonad develops a different expression
pattern for EphB4. At 11.5 dpc, both arterial and venous
markers are expressed similarly in all gonadal vessels with
an important exception. EphB4 expression is excluded from
cells that are contributing to the coelomic vessel (Figs.
7A–7C, arrows). Between 12.5 and 14.5 dpc, EphB4 is
almost entirely absent from the XY gonad (Fig. 7D) as
compared with the XX gonad (Fig. 7E). During this period,
EphrinB2 was highly expressed, especially in the coelomic
vessel, identifying this vessel as an artery. Between 13.5 and
14.5 dpc, specification of arteries and veins began in the
mesonephros of both XX and XY gonads. In both sexes,
EphB4 veins were concentrated at the mesonephric/gonad
border and were wrapped around the large artery in the
mesonephros. Vessels that branch from this venous net-
work extended into the gonad (Fig. 7F, arrow). Other vessels
that branch from the arterial system did not express EphB4
(Fig. 7F, arrowhead).
Migrating Cells Assemble to Form the Arterial
System in the XY Gonad
In accordance with expression data, organ culture experi-
ments using ephrinB2/tlacZ mesonephroi in recombinant
organ cultures with a CD1 gonad indicated that cells
expressing this marker migrated into the XY gonad and
contributed to the formation of the coelomic vessel as it
differentiates as part of the arterial system in the XY gonad
(Fig. 7I). Parallel experiments to test for the contribution of
migrating venous cells using EphB4tlacZ mesonephroi were
inconclusive because lacZ expression was rapidly down-
regulated, even though EphB4 is expressed throughout the
mesonephric venous endothelium in vivo. Downregulation
of EphB4 under these conditions could be related to blood
flow differences between in vivo and cultured gonads where
blood supply is absent. Nonetheless, in vivo expression data
strongly suggests that EphB4 cells either do not migrate
into the XY gonad, or they rapidly downregulate EphB4
expression once in the gonad. One explanation for the
expression of ephrinB2 and exclusion of EphB4 from these
cells is that uniform expression of the ligand may allow
these cells to recognize and adhere to each other (Mellitzer
et al., 1999) as they migrate into the gonad and organize
into a discrete arterial system.
Notch Signaling Correlates with Arterial
Specification
The Notch signaling pathway, which is involved in many
cell fate decisions throughout embryogenesis (Artavanis-
Tsakonas et al., 1995), is also involved in differentiation of
the endothelium (Swiatek et al., 1994; Uyttendaile et al.,
1996; Xue et al., 1999) and has recently been associated
with arterial development (Shutter et al., 2000; Villa et al.,
2001; Lawson et al., 2001). To confirm the arterial specifi-
cation of the new vascular network in XY gonads, we
examined expression of Notch and its ligands.
Using in situ hybridization, we compared the expression
patterns of the known mammalian Notch receptors (Notch
1-4) and their ligands [Delta- like (dll) 1, 3, 4; Jagged1, 2] in
the endothelium of XY and XX gonads. The Notch1 recep-
tor is expressed in the endothelium of XX and XY gonads at
11.5 dpc. By 12.5 dpc, expression is localized to a subset of
endothelial cells (Figs. 8A and B) more highly organized in
the XY than in the XX gonad. Notch4 and the Delta ligand,
Dll4, show similar patterns (data not shown). Between 12.5
and 13.5 dpc, Jagged1 is expressed exclusively in XY vessels
(Figs. 8A and B) including the cells of the coelomic vessel
(Fig. 8H). Later, Jagged1 is expressed in XX gonads in a small
population of cells extending into the gonad from the
vascular plexus at the mesonephric border, possibly the
same vessels labeled by ephrinB2. Jagged2 expression is
XY-specific from its inception at 13.5 dpc and is restricted
to the coelomic vessel and its tributary branches (Fig. 8A).
When ligand binding activates the Notch receptor, intra-
cellular signaling results in the expression of downstream
transcriptional targets, such as the Hairy/Enhancer of split
(Hes) genes (Artavanis-Tsakonas et al., 1995; Jennings et al.,
1994). In situ hybridization detected endothelial expression
of Hes-5 only in cells of the XY coelomic vessel at 12.5 dpc
(Fig. 8B), suggesting that Notch signaling is active in this
prominent vessel during the period of rapid remodeling of
the XY vasculature. Models of Notch signaling in other
systems involve reciprocal signaling between cells express-
ing either the Notch receptor or one of its ligands. In the XY
gonad, higher resolution double-labeling experiments will
be required to determine whether subpopulations of endo-
thelial cells express Notch, one of its ligands, or both at any
one point in time.
Surprisingly, we found that ephrinB2 and EphB4 are both
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expressed in most endothelial cells in the gonad early in
development. Arterial specification and the restriction of
expression to ephrinB2 correlates with the expression of the
Notch ligands, Jagged1 or Jagged2. An interaction between
Ephrin and Notch signaling pathways has been suggested
(Krebs et al., 2000), as defects in Notch1/ embryos (Xue
et al., 1999) mimic the vascular phenotypes observed in
ephrinB2 (Wang et al., 1998) and EphB4 (Gerety et al., 1999)
mutant mice. Our expression analysis indicated that, by
12.5 dpc, Notch1, Jagged1, and Jagged 2 become concen-
trated in the coelomic vessel of the XY gonad and at the
mesonephric border of the XX gonad. These are both loca-
tions where ephrinB2 expression, adenoviral infection, and
lectin delivery to the gonad mark the arterial system.
The Role of Endothelial Migration in Testis
Function and Patterning
The delivery of testosterone to the developing embryo is
critical in mammalian sex determination, where all second-
ary sex characteristics depend on circulating hormones to
establish male differentiation and prevent development of
ambiguous sexual phenotypes (Jost, 1947; Renfree et al.,
1995). Intuitively, we speculated that the early differences
in vascular development in the XY gonad might be impor-
tant for the differentiation and specification of the venous
or lymphatic system to facilitate testosterone export. In-
stead, this work shows that a dedicated arterial system is
established as an early event downstream of Sry expression.
A high level of blood flow through the early testis may be
important for metabolic activities where increased oxygen
and metabolite delivery are critical for growth, signaling,
and the initiation of steroid synthesis. The efficient collec-
tion of testosterone for export may also be driven by a high
level of blood flow.
The divergent development of the bipotential mouse
gonad provides one of the first accessible systems to study
the importance of vascular patterning during organogenesis
and the molecular signals that control the development of
subsets of the vasculature. In the XY gonad, sex-specific
vascular migration and organization are coincident with
testis cord formation. For endocrine organs, such as the
testis, which are committed to androgen production and
export, organization of the vascular system must be coor-
FIG. 8. Notch signaling in the XY gonad. Notch 1 (N1) is expressed in an endothelial-specific expression pattern in 12.5-dpc XY and XX
gonads (A). Expression of the Notch ligand, Jagged 1(J1), is XY-specific at 12.5 dpc and is expressed in most cells of the coelomic vessel
(arrow), as well as many cells in the interstitium (A, arrowhead). Jagged 2 (J2) expression is XY-specific and is limited to the coelomic vessel
and its branches (arrows). (B) Higher magnification images of expression of the Notch 1receptor, the ligand, Jagged 1, and a downstream
reporter, Hes 5 (H5), at 12.5 dpc in sections through the coelomic vessel (arrow; red blood cells, arrowhead).
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dinated with the structural and morphological development
of the organ and the differentiation of steroid-secreting
cells. Recently, endothelial cells have been shown to play a
definitive role in the differentiation of insulin-secreting
cells in the pancreas (Lammert et al., 2001) and early
morphogenesis of the liver (Matsumoto et al., 2001) prior to
overt vascular function, providing evidence for unique
inductive and signaling roles for the vasculature.
A question we would like to address is whether the
vasculature in the XY gonad plays an instructive role in
organizing and patterning testis cords or in signaling the
differentiation of certain cell lineages in the testis. Interest-
ingly, in certain genetic backgrounds, there is a high inci-
dence of ovotestis formation where central testicular re-
gions containing testis cords develop which are flanked on
either side by unorganized, ovarian-like regions. Migration
occurs only into the central portion where cords form and
much of the vasculature, including the coelomic vessel, is
specifically associated with these areas of organization,
suggesting a correlation between migration, vasculariza-
tion, and cord formation (Albrecht et al., 2000). Migrating
endothelial cells could provide patterning cues for cord
formation by interacting with or degrading matrix compo-
nents (Blelloch and Kimble, 1999), or by reciprocal signaling
pathways with other somatic lineages in the gonad. Because
of the dimorphism in XX and XY development, the gonad
provides a unique, tractable model system for the study of
vascular differentiation and its integration with organ de-
velopment. Experiments are currently underway to exam-
ine genetic mutants in which characteristic XY vascular
development is impaired.
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